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ABSTRACT

Heat stress reduces cow milk yield and results in a
significant economic loss for the dairy industry. Dur-
ing lactation, heat stress lowers milk production by
25 to 40% with half of the decrease in milk synthesis
resulting from the reduced feed intake. In vitro studies
indicate that primary bovine mammary epithelial cells
display greater rates of programmed cell death when
exposed to high ambient temperatures, which may lead
to a decrease in the total number of mammary epithe-
lial cells in the mammary gland, partially explaining
the lower milk production of lactating cows under heat
stress. The function of mammary cells is also altered by
heat stress. In response to heat stress, mammary cells
display higher gene expression of heat shock proteins,
indicating a need for cytoprotection from protein ag-
gregation and degradation. Further, heat stress results
in increased gene expression without altering protein
expression of mammary epithelial cell junction pro-
teins, and does not substantially influence the integrity
of mammary epithelium. These data suggest that the
mammary gland strives to maintain cell-to-cell junction
integrity by synthesizing more proteins to compensate
for protein losses induced by heat stress. During the dry
period, heat stress negatively affects mammary gland
development by reducing mammary cell proliferation
before parturition, resulting in a dramatic decrease in
milk production in the subsequent lactation. In addi-
tion to mammary growth, the mammary gland of the
heat-stressed dry cow has reduced protein expression of
autophagic proteins in the early dry period, suggesting
heat stress influences mammary involution. Emerg-
ing evidence also indicates that heifers born to cows
that experience late-gestation heat stress have lower
milk yield during their first lactation, implying that
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the maternal environment may alter mammary gland
development of the offspring. It is not clear if this is due
to a direct epigenetic modification of prenatal mam-
mary gland development by maternal heat stress. More
research is needed to elucidate the effect of heat stress
on mammary gland development and function.
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INTRODUCTION

Thermal stress is defined as “any change in the
thermal relation between an organism and its environ-
ment which, if uncompensated by temperature regula-
tion, would result in hyper-, or hypothermia” (IUPS
Thermal Commission, 2001). Therefore, in this review,
heat stress is defined as an environment that skews the
balance between heat load and heat dissipation induc-
ing hyperthermia of an animal. Animals display the
maximal genetic potential only within their thermo-
neutral zone, and a heat challenge above an animal’s
upper critical temperature dramatically alters behav-
ior, health, and productivity. In the livestock industry,
heat stress is a primary constraint to efficient produc-
tion of animal protein and food security (Baumgard
and Rhoads, 2013), resulting in economic burdens to
producers and raising serious animal welfare concerns
(St-Pierre et al., 2003; Rhoads et al., 2013). In the dairy
industry, the decrease in milk production in lactating
cows caused by heat stress alone results in a $1.2 billion
annual loss across the entire US dairy sector (Key et
al., 2014). Recent research further indicates that lack
of cooling during the dry period could result in a $850
million annual loss to the US dairy industry (Ferreira
et al., 2016). Production and economic losses caused
by heat stress for the dairy industry are increasing due
to global climate change (Key et al., 2014). Therefore,
there is a need to further understand the mechanisms
through which heat stress exerts negative effects on
dairy cattle, to develop appropriate management and
nutritional countermeasures.

Heat stress compromises reproduction, productiv-
ity, and health of a dairy cow (Kadzere et al., 2002;
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West, 2003; Hansen, 2013). Among these negative
effects, the decreased milk production and increased
bulk milk SCC during summer are the most recognized
and directly related to mammary gland function. For
example, in Georgia dairy farms (Figure 1), milk yield
per cow decreased and the test day SCC increased dur-
ing summer as average ambient temperature-humidity
index (THI) increased. Although the seasonal pattern
of milk production and bulk milk SCC on the farm
level is a result of various factors, including reproduc-
tive, management, and nutritional programs of a farm,
a similar pattern is observed in many regions and is
largely attributed to the effects of heat stress on dry
and lactating dairy cows (West, 2003; Tao and Dahl,
2013). Thus, this symposium paper will focus primarily
on the effect of heat stress on lactation performance
and aspects related to mammary gland function of a
dairy cow at different stages of the lactation cycle.

EFFECTS OF HEAT STRESS DURING THE DRY
PERIOD ON MAMMARY GLAND DEVELOPMENT
AND LACTATION

The dry period is a nonlactating period between
lactations that functions to promote removal of senes-
cent cells within the mammary gland and replenish-
ment of new mammary cells by proliferation before
parturition (Capuco et al., 1997, 2001); it is thereby
important for maximal milk production in the following
lactation. Exposure to environmental cues during this
period alters mammary gland development and influ-
ences subsequent milk production. For example, cows
that experience heat stress during late gestation have
a significant reduction in subsequent milk production
(Collier et al., 1982; do Amaral et al., 2011; Tao et
al., 2011, 2012b). Compared with cows supplemented
with evaporative cooling during the entire dry period
in summer, those without evaporative cooling have ~4
to 5 kg/d lower milk production during the entire next
lactation (Tao and Dahl, 2013), suggesting that heat
stress during the dry period alters mammary function
before calving. Indeed, relative to cooled cows during
the dry period, noncooled cows had lower mammary
epithelial cell proliferation at 20 d before expected
calving (Tao et al., 2011) but similar mammary gene
expression of proteins related to synthesis of milk com-
ponents in the following lactation (Tao et al., 2013).
These data suggest that heat stress during the entire
dry period compromises mammary growth during the
late dry period without affecting synthetic capacity of
mammary epithelial cells during following lactation,
leading to lower milk production.

The underlying mechanisms for the reduced mam-
mary growth resulting from heat stress during the dry
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Figure 1. Monthly milk yield [solid diamonds () with a dotted
line] and bulk milk SCC [solid square (M) with a solid line] in Georgia
(data were extracted from DHIA record of herds in Georgia in 2015,
n = 99) and typical ambient temperature-humidity index [solid circle
(@) with a solid line] within a year in Georgia.

period are not completely understood. Altered posta-
bsorptive metabolism by heat stress may alter nutri-
ent availability at the mammary gland and influence
mammary function and growth. In mid-lactation dairy
cows, heat stress enhances glucose uptake by tissues
rather than the mammary gland (Wheelock et al.,
2010), thereby limiting glucose availability and lactose
synthesis in the mammary gland. Similar to lactating
cows, heat stress reduces dry cows’ DMI but to a lesser
extent, likely because overall DMI is lower in dry cows.
Relative to cooled cows, noncooled cows had 1 to 1.5
kg/d reduction in DMI before calving (Tao and Dahl.
2013). However, no differences in plasma glucose, non-
esterified fatty acids (NEFA), BHB, and insulin are
observed between cooled and noncooled cows during the
dry period (do Amaral et al., 2011; Tao et al., 2012b).
Consistently, heat stress had no effect on adipose tissue
mobilization (Lamp et al., 2015), NEFA response to an
insulin challenge, or glucose clearance after a glucose
tolerance test (Tao et al., 2012b) during the dry pe-
riod, suggesting that the postabsorptive fatty acid and
glucose metabolism of the cow are not influenced by
heat stress during the dry period at the systemic level.
In contrast, relative to those under thermal neutrality
with similar DMI, heat-stressed dry cows have more
pronounced protein mobilization (Lamp et al., 2015).
Whether the enhanced extra-mammary protein deg-
radation affects nutrient availability at the mammary
gland and thus its development is not clear. Within the
mammary gland, noncooled dry cows had higher gene
expression of acetyl CoA carboxylase and fatty acid
synthetase relative to cooled cows (Adin et al., 2009).
Those data may indicate that the mammary gland of
heat-stressed dry cows partitions more energy toward
fatty acid synthesis rather than mammary cell prolif-
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eration, perhaps reflecting a reduced mammary growth
(Adin et al., 2009).

In addition to metabolic responses, heat stress affects
hormone synthesis and secretion, which may in turn al-
ter mammary development during the dry period. Heat
stress during the dry period increases concentration of
plasma prolactin (do Amaral et al., 2009, 2010, 2011;
Tao et al., 2011), a lactogenic hormone in dairy cattle
(Tucker, 2000), suggesting an altered lactogenesis by
heat stress. Collier et al. (1982) first reported a linear
relationship between calf birth weight and the subse-
quent milk yield of dams exposed to heat stress during
the last trimester of pregnancy, and suggested that the
compromised placental development induced by heat
stress during late gestation may be one mechanism to
lower mammary growth before calving. Indeed, heat
stress during late gestation reduces placental secre-
tion of estrone sulfate, an estrogenic compound that
enhances mammary growth (Collier et al., 1982). The
blood concentration of placental lactogen also increases
as pregnancy advances and has clear positive associa-
tion with fetal growth rate (Hossner et al., 1997). Heat
stress during mid to late pregnancy decreases circu-
lating placental lactogen in sheep (Bell et al., 1989),
and although a similar decrease would be expected in
cattle, direct confirmation is lacking. Because placental
lactogen has lactogenic activity and shares the lacto-
genic binding sites with prolactin (reviewed by Byatt
et al., 1992), the increased prolactin secretion by heat
stress during late gestation may reduce the receptor
binding of placental lactogen and its lactogenic activ-
ity. However, bovine placental lactogen failed to show
a lactogenic effect in mammary explant obtained from
heifers during mid gestation (Byatt and Bremel, 1986).
Evidence for profound effects of placental lactogen on
mammary development and function is modest, with
placental lactogen causing limited mammogenic re-
sponses and milk yield increases during the induced
lactation in prepubertal heifers (Byatt et al., 1994,
1997). However, placental lactogen concentrations do
not differ between beef and dairy cows, despite their
substantial differences in milk yield (Wallace, 1993).
Thus, the effect of altered placental secretion of pla-
cental lactogen by heat stress during late gestation on
mammary growth and function is uncertain, but war-
rants further investigation.

Interestingly, heat stress may also affect mammary
involution. Following milk stasis, mammary involution
occurs in the early dry period to clear senescent mam-
mary cells from the previous lactation (Capuco et al.,
1997). It is characterized by 2 cellular processes, au-
tophagy (Zarzynska et al., 2007) and apoptosis (Wilde
et al., 1997; Sorensen et al., 2006), which may be in-
fluenced by heat stress via altered hormone secretion.
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Indeed, prolactin has been shown to decrease apoptosis
(Accorsi et al., 2002) and estrogen was reported to in-
duce autophagy in bovine mammary cells (Sobolewska
et al., 2009). Thus, heat stress may attenuate mam-
mary involution through the reduced estrone sulfate
secretion and increased blood prolactin concentration
in the early dry period.

To test this hypothesis, mammary biopsies were col-
lected from both cooled and noncooled cows at —3, 3,
7, 14, and 22 d relative to dry-off, and the protein ex-
pression of markers of autophagic activity [microtubule-
associated protein light chain 3 (LC3)-1, and ~II], were
assessed by immunoblot (Wohlgemuth et al., 2016). In
the mammary gland of cooled cows, protein expression
of LC3-I and -II displayed dynamic patterns such that
their expression increased after milk stasis and peaked
at 7 d after dry-off. However, mammary expression
of both proteins in the mammary gland of noncooled
cows maintained constant from late lactation to early
dry period, and were lower than cooled cows at 7 d
after dry-off (Wohlgemuth et al., 2016). These observa-
tions suggest that heat stress attenuates the mammary
involution by blunting the autophagic activity of the
mammary gland in the early dry period (Wohlgemuth
et al., 2016). However, further study to examine apop-
totic profiles of heat-stressed mammary gland during
involution is still warranted. Whether the perturbation
of mammary involution by heat stress in the early dry
period influences subsequent mammary growth in the
late dry period is unclear. A recent study (Fabris et al.,
2017) reported that the subsequent milk yield of cows
that were deprived of cooling during the first half or the
second half of the dry period (cooled during the other
half) was similar to cows deprived of cooling for the
entire dry period, but lower compared with cows that
received cooling during the entire dry period. These
data suggest that heat stress during either mammary
involution in the early dry period, or mammary growth
during the late dry period, have similar detrimental
effects on future milk production. However, the cellular
mechanisms are not completely understood.

In addition to the effect on dams, heat stress dur-
ing late gestation has strong influences on offspring
performance. During the preweaning period, compared
with those from cooled dry cows, calves born to non-
cooled dams had reduced passive and cell-mediated
immunity (Tao et al., 2012a; Monteiro et al., 2014),
and developed a preference in whole body glucose us-
age through noninsulin-dependent pathways (Monteiro
et al., 2016a). As a result, heifers from noncooled dry
cows had a higher chance of leaving the herd due to
sickness, growth retardation, or malformation relative
to those from cooled dams (Monteiro et al., 2016b).
Interestingly, for those that remain in the herd, heifers
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born to noncooled cows had lower milk yield during the
first lactation than those from cooled dams (Monteiro
et al., 2016b), indicating a carryover effect of mater-
nal heat stress during late gestation on the offspring’s
mammary development and lactation performance.
Events that occurred in the animals’ early life, includ-
ing growth, disease, nutrition, and so on, all influence
heifers’ productivity in their first lactation (Heinrichs
and Heinrichs, 2011). As indicated previously, late
gestation heat stress impairs pre-weaned calves’ im-
munity and alters their metabolism, which may in turn
affect heifer mammary gland development and future
milk production. The milk synthetic capacity of mam-
mary epithelial cells can also be regulated by epigenetic
mechanisms, such as DNA methylation (Singh et al.,
2012). Skibiel et al. (2017) reported that the mammary
gland of heifers born to noncooled dry cows had differ-
entially methylated cytosines located on genes related
to cell cycle regulation, epithelial junction, apoptosis,
and cell proliferation compared with the mammary
gland of heifers from cooled dams, providing evidence
that maternal heat stress could alter epigenetic profiles
of the developing heifer’s mammary gland when she
attains lactation. However, whether this phenomenon is
due to a direct effect by maternal heat stress in utero or
indirect effects by events that occur postnatally is un-
clear and warrants further investigation. Nevertheless,
the impaired lactation performance of heifers by late
gestation heat stress is likely due to multiple factors
rather than a single mechanism.

EFFECTS OF HEAT STRESS DURING LACTATION
ON MILK PRODUCTION AND MAMMARY
GLAND FUNCTION

Effect of Heat Stress in Lactation on Milk Production

As reviewed by West (2003) and Bernabucci et al.
(2010), heat stress during lactation negatively affects
milk production. The magnitude of reduction in milk
yield by heat stress is influenced by stage of lactation.
During summer, the milk yield in a current day of a
lactating cow was negatively correlated with the ther-
mal environment 3 d previous, and early-lactation cows
were the least affected compared with mid-lactation
cows with late-lactation animals intermediate (Maust
et al., 1972). Similarly, Perera et al. (1986) suggested
that milk yield of mid-lactation cows was most ad-
versely affected by summer conditions relative to those
of early- and late-lactation animals. Control studies to
explore the production responses to heat stress at dif-
ferent stages of lactation are limited.

Two studies (S. Tao and G. E. Dahl, unpublished;
X. Weng and S. Tao, unpublished) were conducted
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by our groups and examined milk yield responses of
early-, mid-, and late-lactation cows to heat stress. In
both experiments, cows were housed in freestall barns
but the stall areas of cooled cows were equipped with
evaporative cooling, whereas those for noncooled cows
were not. Relative to cooled cows, the milk yield of non-
cooled cows in early lactation (15-45 DIM at the onset
of treatment) was similar after 1 wk of treatment but
reduced thereafter. Interestingly, the difference of milk
yield between cooled and noncooled cows decreased as
the average ambient THI decreased, and no treatment
effect was observed when average THI decreased below
68 or after treatments ceased when all cows were cooled
(Figure 2a). These data confirm that the milk yield
of lactating dairy cows is negatively affected by heat
stress when average THI exceeds 68 (Zimbelman et al.,
2009), and suggest that there is no carryover effect of
heat stress on milk yield of early-lactation cows. The
milk production of a cow is determined by both the
number and secretory activity of mammary epithelial
cells (Capuco et al., 2003). Therefore, the data suggest
that heat stress may not cause a permanent damage
to mammary gland development in early lactation. In
other words, the decreased DMI and metabolic changes
caused by hyperthermia on the systemic level may be
the primary driving force for the reduced milk produc-
tion by heat stress in early lactation. In contrast, de-
privation of cooling immediately reduced milk yield in
mid (100-180 DIM at the onset of treatment) and late
(180300 DIM at the onset of treatment) lactation (Fig-
ure 2b and 2c, respectively). Similar to early-lactation
cows, previously cooled and noncooled late-lactation
cows had similar milk yield after the cessation of treat-
ments. However, previously noncooled mid-lactation
cows maintain a lower milk yield compared with previ-
ously cooled cows even after the cessation of treatments
when all cows were cooled, suggesting that heat stress
may permanently alter mammary gland development
after peak lactation. Thus, the reduced milk yield with
heat stress may result from different mechanisms at
different stages of lactation and the mammary gland
of early-, mid-, and late-lactation cows may respond
differently to heat stress.

Effect of Heat Stress in Lactation on DMI, Mammary
Blood Flow, and Nutrient Uptake

Milk synthesis and mammary development of dairy
cattle are coordinated events that are influenced not
only by hyperthermia-related cellular insults in the
mammary gland but also by altered DMI, systemic
metabolism, and associated mammary nutrient uptake.
The decrease in DMI caused by heat stress is an im-
portant factor resulting in reduced milk production. In

Journal of Dairy Science Vol. 101 No. 6, 2018



a 50 80

45

40

Milk yield, kg/d

35

30

=3

45

40

35

30

Milk yield, kg/d

25

20

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

50 r 85

45

40 -

Milk yield, kg/d

1 2 3 B 5 6 7 8 9 10 11 12 13 14 15 16

Week in trial

Figure 2. Milk production of cows provided with [CL, open dia-
monds () with a solid line] or without [NC, solid diamonds (4) with
a dotted line] active cooling in early (a), mid (b), and late (c) lacta-
tion. The solid circle (®) with a solid line represents temperature-hu-
midity index (THI), and the shaded areas represent treatment periods
when cows were either cooled or not. After the cessation of treatments,
all cows were cooled. At the onset of experiment, the DIM of early-,
mid-, and late-lactating cows were 15 to 45, 100 to 180, and 180 to
300, respectively. The THI data after cessation of treatments in mid
and late lactation are not available. In early lactation (n = 9 per treat-
ment), effect of treatment (P = 0.13), time (P < 0.01), treatment by
time interaction (P < 0.01). In mid lactation (n = 17 for CL, n = 15
for NC), effect of treatment (P < 0.01), time (P < 0.01), treatment by
time interaction (P < 0.01); however, the SLICE function of SAS sug-
gested that the P-values for treatment effect at individual weeks were
all below 0.01. In late lactation (n = 19 for CL, n = 17 for NC), effect
of treatment (P = 0.03), time (P < 0.01), treatment by time interac-
tion (P < 0.01). **P < 0.01, *P < 0.05, 1P < 0.10.

mid-lactation cows, early study (McGuire et al., 1989)
suggested that the reduction in milk yield by heat
stress is solely due to the decrease in DMI. However,
a recent study (Wheelock et al., 2010) reported that
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the decreased DMI in heat-stressed mid-lactation cows
(~120 DIM) only accounts for ~50% of the reduction
in milk yield, suggesting that factors other than DMI
during heat stress influence milk synthesis in mid lac-
tation. Similarly, in mid (~80 DIM) and late (~195
DIM) lactation, noncooled cows produced less milk but
maintained similar DMI relative to cooled cows (Chan
et al., 1997; Tarazén-Herrera et al., 1999). In contrast,
in early lactation, compared with pair-fed cows under
thermal neutrality, heat-stressed cows had similar re-
ductions in milk yield (Lamp et al., 2015), indicating
that the decreased DMI of heat-stressed cows in early
lactation may account for all the reduction in milk
yield. Further, our data (Figure 3; S. Tao and G. E.
Dahl, unpublished) suggest that both cooled and non-
cooled cows had similar feed efficiency (FCM/DMI) in
early lactation, indirectly supporting that the decrease
in DMI with heat stress in early lactation is the major
mechanism reducing milk yield.

Heat stress is accompanied by dramatic changes in
blood concentrations of metabolites and systemic meta-
bolic responses. Relative to cooled cows, noncooled
cows have reduced plasma concentrations of glucose,
BHB, NEFA, and triglycerides (Marins et al., 2017),
presumably due to decreased DMI and lower require-
ments for milk synthesis associated with reduced milk
yield. Further, cows exposed to heat stress display
inhibited peripheral adipose tissue lipolysis (Wheelock
et al., 2010; Lamp et al., 2015) and emphasize glu-
cose utilization in extra-mammary tissues (Wheelock
et al., 2010), suggesting distinct metabolic responses
to heat stress. Because of the altered systemic me-
tabolism, it is anticipated that heat stress influences
the nutrient availability and uptake of the mammary
gland. Mammary uptake of nutrients is determined
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Figure 3. Feed efficiency (FCM/DMI) of cows provided with [open
diamonds (¢) with solid line] or without [solid diamonds () with
dotted line] active cooling in early lactation (n = 9 per treatment,
DIM ~15-45 at the onset of experiment). Effect of treatment (P =
0.94), time (P < 0.01), and treatment by time interaction (P < 0.01).
*P < 0.05.
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by arteriovenous concentration difference of nutrients
and mammary blood flow (Pacheco-Rios et al., 2001;
Chaiyabutr, 2012), and elucidation of effects of heat
stress on both factors is critical to understand mam-
mary nutrient uptake. Blood flow to bovine mammary
gland plays a key role in providing adequate nutrients
to support milk synthesis (Prosser et al., 1996). In mid-
lactation dairy goats, exposure to heat stress tended
to reduce mammary plasma flow relative to thermal
neutrality (Sano et al., 1985). Similarly, the mammary
blood flow of mid-lactation cows with ad libitum intake
tended to be lower when exposed to heat stress relative
to thermal neutrality, but was similar compared with
thermal neutrality with restricted feeding (Lough et al.,
1990), suggesting that mammary blood flow is respon-
sive to DMI rather than thermal environment per se.
Indeed, when fed the same amount of DM, mammary
blood flow of lactating sows was higher when exposed
to 28°C compared with 20°C (Renaudeau et al., 2003).
In rabbits, Lublin and Wolfenson (1996) observed a
35% decrease in mammary blood flow of nonpregnant
rabbits in early lactation when exposed to acute heat
stress compared with thermal neutrality, but no dif-
ferences were observed at peak lactation. Research on
mammary nutrient extraction in farm animals during
heat stress is scarce. In mid lactation goats, relative to
thermal neutrality, short-term exposure to heat stress
(4 d) tended to reduce the arteriovenous concentration
difference of glucose, which, coupled with the reduced
mammary plasma flow, resulted in a net decrease in
mammary glucose uptake (Sano et al., 1985). In con-
trast, the mammary gland of lactating sows exposed to
high ambient temperature (28°C) had greater mammary
extraction rates of glucose and triglyceride, and tended
to have greater extraction of a-amino acid N compared
with those under thermal neutrality (20°C), leading to
an increase in mammary nutrient uptake (Renaudeau
et al., 2003). However, data presented by Renaudeau
et al. (2003) need to be interpreted with caution when
applied to lactating ruminants because of the distinct
differences between ruminants and monogastric animals
in mammary gland metabolism (Bauman and Davis,
1975). In lactating dairy cows (T. N. Marins and S.
Tao, unpublished data), relative to those exposed to ac-
tive cooling, the mammary biopsies of noncooled cows
in mid to late lactation had similar gene expression of
lipoprotein lipase and glucose transporter-I at 7 and 56
d after deprivation of cooling, suggesting that mam-
mary nutrient transporters are not strongly influenced
by prolonged exposure to heat stress (i.e., more than 1
wk). Because mammary biopsy is a homogenate of dif-
ference cell types, including immune cells, fibroblasts,
endothelial cells, mammary epithelial cells, and so on,
how heat stress influences the nutrient uptake of mam-
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mary epithelial cells in vivo is not entirely understood.
Nevertheless, current knowledge of the effect of heat
stress on mammary nutrient uptake is lacking, and
future studies should emphasize the effect of acute and
prolonged exposure to heat stress on mammary blood
perfusion and nutrient extraction, and their effects on
mammary gland metabolism and development at differ-
ent stages of lactation.

Effect of Heat Stress on Milk Composition

Due to the lower milk yield, heat stress normally
reduces the yields of milk components; however, the
effect of heat stress on milk concentrations of fat and
protein is not consistent. As reported by Heck et al.
(2009) and Bernabucci et al. (2015), milk fat percent-
age is reduced during summer relative to winter. In
contrast, other studies found that summer climate did
not affect (Hammami et al., 2015) or increased (Smith
et al., 2013) milk fat percentage of cows relative to
temperate seasons. In controlled experiments, similar
inconsistency was observed. The milk fat percentage of
heat-stressed or noncooled cows was decreased (Moody
et al., 1971), not changed (Knapp and Grummer, 1991;
Flamenbaum et al., 1995; Tarazén-Herrera et al., 1999),
or increased (Garner et al., 2016) compared with that
of cows exposed to thermal neutrality or provided with
cooling.

However, regardless of the effect on total milk fat
percentage, heat stress has a relatively consistent trend
to alter milk fatty acid composition. When comparing
the test day data of cows under heat stress (THI >62)
and temperate (THI <62) conditions, Hammami et
al. (2015) reported that milk fat of samples collected
during heat stress tended to have higher proportions
of long-chain fatty acids (>C16) but lower proportions
of short- (C4-10) and medium-chain (C12-16) fatty
acids compared with those collected during temperate
conditions. Similarly, milk fat collected from cows dur-
ing summer contains lower percentages of de novo but
higher percentages of preformed fatty acids relative to
those collected during winter (Heck et al., 2009). Con-
sistent results were also observed in studies under con-
trolled environments. Relative to those under thermal
neutrality, cows exposed to heat stress produced milk
containing lower proportions of short- to medium-chain
(<C16) fatty acids (Richardson et al., 1961; Moody
et al., 1971; Liu et al., 2017) and higher (>C16) pro-
portions of long-chain fatty acids (Liu et al., 2017).
The degree of milk fatty acid saturation may also be
affected by environment. Relative to those collected
in temperate climates, milk samples collected during
heat stress contain a higher percentage of UFA and
a correspondingly lower proportion of SFA (Heck et
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al., 2009; Hammami et al., 2015). However, inconsistent
results were reported in studies in controlled environ-
ments. Early studies (Richardson, 1961; Moody et al.,
1971) suggested that exposure to heat stress decreased
the percentage of C18:1 of milk fat, the predominant
UFA in milk, relative to thermal neutrality. In contrast,
a recent study reported that the proportion of C18:1
of milk fat was increased by heat stress (Liu et al.,
2017). Biologically, the melting point of body lipid is
positively related to the body temperature, such that
higher body temperature is associated with higher lipid
melting point (review by Neidleman, 1987). Relative
to long-chain fatty acids, short-chain fatty acids have
lower melting points. Thus, the altered chain length of
milk fatty acid by heat stress may represent a biological
adaptation to increase lipid melting point in response
to higher body temperature. Following this concept,
the degree of saturation of fatty acid should decrease
under heat stress to further increase the melting point
of lipid. However, many factors, such as rumen fermen-
tation and pH (Mishra et al., 1970; Schneider et al.,
1988), are also affected by heat stress, which may in
turn change milk fatty acid synthesis and composition.
Future studies are needed to further understand the
exact mechanisms of altered rumen fermentation asso-
ciated with heat stress on milk fatty acid composition.
The effect of heat stress on milk protein percentage is
also inconclusive. In observational studies, milk protein
percentage is either reduced during summer relative
to temperate conditions (Heck et al., 2009; Smith et
al., 2013; Bernabucci et al., 2015) or not affected by
seasons (Hammami et al., 2015). Similar inconsistency
is also found in studies in controlled environments.
Compared with cows under thermal neutrality or active
cooling, heat-stressed or noncooled cows had decreased
(Knapp and Grummer, 1991; Cowley et al., 2015; Gao
et al., 2017), similar (Taylor et al., 1991; Weng et al.,
2018), or increased (Tarazén-Herrera et al., 1999) milk
protein percentage. Discrepancies among studies may
suggest that factors other than heat stress, such as dif-
ferent dietary composition, stage of lactation, degree
of heat stress, experimental models used, cooling facili-
ties, length of treatments, and so on, influence the milk
composition of a cow in response to heat stress.

Mammary Cellular Responses to Heat Stress

Although outside the abdomen wall, the mammary
gland’s internal temperature is highly correlated with
a cow’s core body temperature (Bitman et al., 1984)
and increases when exposed to heat stress (Brown et
al., 1977). The increased milk temperature of a heat-
stressed cow also indirectly supports an elevation of
internal mammary temperature (West et al., 2003).
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Thus, cells within the mammary gland are exposed to
higher temperatures when a cow is under heat stress,
and display corresponding heat shock responses. Upon
exposure to elevated ambient temperature in vitro,
microarray analyses reported that bovine mammary
epithelial cells downregulated the expression of genes
involved in cell structure, biosynthesis, and transport,
and upregulated the gene expression in protein repair
and degradation, suggesting coordinated cellular re-
sponses to ensure cell survival (Collier et al., 2006; Li
et al., 2015).

Interestingly, as reviewed by Richter et al. (2010),
cells do not recognize temperature per se, and the heat
shock responses of a cell are elicited by accumulated
unfolded proteins induced by other stressors, such as
oxidative stress, related to heat stress. Indeed, the
production of heat shock proteins (HSP) is the most
recognized cellular responses by heat stress to facilitate
protein folding as molecular chaperones. Under in vitro
conditions, when bovine mammary epithelial cells were
incubated under a constant temperature of 42°C for
24 h, the gene expression of HSP 70 sharply increased
but returned to basal level after 8 h of incubation at
42°C, suggesting that prolonged exposure to heat shock
results in a loss of thermal tolerance of mammary epi-
thelial cells in vitro (Collier et al., 2006). In contrast,
Orellana et al. (2017b) observed that gene expression of
HSP 27, 70, and 90 in mammary biopsies collected from
noncooled cows was elevated compared with cooled
cows at 7 and 56 d after deprivation of cooling, indicat-
ing that mammary cells display heat shock responses
during both acute and chronic heat stress in vivo.

Beyond protein denaturation and unfolding, heat
stress results in abnormal cell morphology. In primary
mouse mammary epithelial cells cultured in vitro (Shyy
et al., 1989), brief exposure (15-30 min) to extreme
temperatures (43-45°C) resulted in degradation of ac-
tin filaments and retraction of keratin filaments from
the plasma membrane to form perinuclear aggregates
without changing protein expression, suggesting a re-
organization of the cytoskeleton due to heat shock. As
a result, cellular organelles, such as mitochondria and
lysosomes, are re-localized to the perinuclear area upon
exposure to heat shock (Shyy et al., 1989). Interestingly,
the reorganization of the cytoskeleton was not observed
when mouse mammary epithelial cells were exposed to
a lower temperature (41°C, Shyy et al., 1989), indicat-
ing different cellular responses of mammary epithelial
cells under different degree of heat shock. In the bovine,
relative to those incubated at 37°C, exposure to 42°C
immediately reduced the ductal structure of mam-
mary epithelial cells and completely ablated cell ductal
extension after 24 h incubation (Collier et al., 2006).
However, to the best of our knowledge, examination of
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heat stress on intracellular structure of bovine mam-
mary epithelial cells in vivo is still not available.

The cellular heat shock responses are adaptive mech-
anisms to cope with hyperthermia and are essential
to the survival of a cell under heat stress (Richter et
al., 2010). However, if the defects exceed the counter-
measures, heat stress will lead to cell death. In vitro,
exposure to high ambient temperature causes the ar-
rest of cell proliferation and induces apoptosis of bovine
mammary epithelial cells (Collier et al., 2006; Du et al.,
2008; Li et al., 2015). The trigger of apoptosis by heat
shock is not completely understood. Du et al. (2008)
reported that a heat shock treatment applied to bovine
mammary epithelial cells in vitro lead to swollen mito-
chondria and decreased mitochondrial transmembrane
potential, which could result in the release of pro-
apoptotic factors, such as cytochrome C, and induce
apoptosis. In contrast, as reviewed by Riezman (2004),
the intracellular accumulation of aggregated, unfolded,
and denatured proteins caused by heat stress is toxic
to mammalian cells, and may be another mechanism
of heat stress induced apoptosis. The influence of heat
stress on bovine mammary development during lactation
under in vivo conditions is largely unknown. In a recent
study (Orellana et al., 2017a), mammary biopsies were
collected at 7 and 56 d of the treatment (deprivation of
cooling for noncooled cows) from cooled and noncooled
cows during mid to late lactation to examine mammary
apoptosis and cell proliferation by terminal deoxynu-
cleotidyl transferase dUTP nick end labeling and Ki-67
labeling, respectively. Relative to cooled cows, terminal
deoxynucleotidyl transferase dUTP nick end labeling of
the mammary gland of noncooled cows was numerically
higher at 7 d but not statistically different at either
sampling date, suggesting that prolonged exposure to
heat stress (over a week) has no effect on mammary
apoptosis of a lactating dairy cow. However, the possi-
bility that extensive mammary apoptosis occurs within
1 wk of heat exposure cannot be excluded. Surprisingly,
the mammary gland of noncooled cows had a higher
Ki-67 labeling at 56 d of the treatment compared with
cooled cows, indicating greater proliferation of mam-
mary cells of lactating cows exposed to chronic heat
stress. The cellular mechanism driving increased mam-
mary growth by prolonged heat exposure is unknown,
but may reflect an adaptive response to compensate for
reduced milk synthesis. Clearly, more work is needed to
elucidate the effect of heat stress on bovine mammary
gland development in vivo. Further, because most of
the cell culture studies used extreme incubation tem-
peratures that are much greater than body temperature
of a heat-stressed cow, the results obtained from these
studies may not entirely represent the cellular events
occurring in vivo. Thus, cell culture studies using an
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incubation temperature within the physiological range
of a heat-stressed cow are still warranted.

Effect of Heat Stress in Lactation on Mammary
Epithelial Cell Junction and Health

In the mammary gland, the adjacent mammary epi-
thelial cells form a 3-dimensional structure, also called
a junctional complex (Stelwagen and Singh, 2014). The
junctional complex is composed of a tight junction
beneath the apical surface of epithelium, the adjacent
adherens junction, and a desmosome (reviewed by Itoh
and Bissell, 2003; Tsukita et al., 2008; Turner, 2009),
architecture that serves to maintain impermeability of
mammary epithelium and to regulate paracellular trans-
port of ions and small molecules across the blood-milk
barrier of mammary gland during lactation (Nguyen
and Neville, 1998; Stelwagen and Singh, 2014). Chal-
lenges of the mammary gland, such as lower milking
frequency and mastitis, decrease milk yield of lactating
dairy cows, and are accompanied by disrupted mamma-
ry epithelial integrity (Stelwagen et al., 1994a,b). Thus,
the intact mammary epithelial barrier is a prerequisite
to maintain maximal milk production and is a proper
indicator of optimal mammary function.

Heat stress negatively influences the integrity of the
epithelial junction. Previous studies conducted under in
vitro conditions reported that heat shock increased the
permeability of epithelial junctions formed by canine
(Moseley et al., 1994) and porcine kidney epithelial
cells (Tkari et al., 2005) and human colon and kidney
epithelial cells (Dokladny et al., 2016). Similarly, under
in vivo conditions, heat stress impaired the integrity of
intestinal epithelium in swine (Pearce et al., 2013, 2014;
Sanz Fernandez et al., 2014), rodents (Lambert et al.,
2002), and monkeys (Dokladny et al., 2016). However,
studies examining the effects of heat stress on mam-
mary epithelial tissue permeability in lactating animals
are limited. A recent study was conducted to explore
the mammary epithelial integrity between cooled and
noncooled cows in mid to late lactation (Weng et al.,
2018). Relative to cooled cows, deprivation of cooling
had no overall effect on concentrations of plasma lac-
tose and milk BSA during a 12-wk experimental period
but tended to increase the plasma lactose concentration
immediately after initiation of treatments (Weng et al.,
2018). Those data suggest that heat-stressed mammary
gland in lactating cows is capable of maintaining the
overall integrity of mammary epithelium, but acute
heat stress temporarily causes the leakage of lactose
from mammary gland. In mammary tissue, deprivation
of cooling upregulated gene expression of epithelial cell
junction-related proteins (occludin, claudin-1, zonula
occludens-1 and -2, and E-cadherin), but did not af-

Journal of Dairy Science Vol. 101 No. 6, 2018



5650

fect the protein expression of occludin and E-cadherin
(Weng et al., 2018). In mammalian cells, heat stress
induces extensive protein denaturation and degradation
(Richter et al., 2010; Flick and Kaiser, 2012). Therefore,
it is possible that heat stress causes a net loss of epi-
thelial junction related proteins, and the heat-stressed
mammary gland strives to regenerate those proteins by
increasing their gene expression, to maintain the proper
mammary epithelial integrity. However, even increased
gene expression may not result in upregulation of pro-
tein synthesis. The exact cellular mechanism of these
observations is currently unknown, but may represent
an adaptive mechanism to shift energy and nutrient to
support critical functions in mammary gland, such as
epithelial integrity, at the expense of milk synthesis.
As indicated in Figure 1, there is a seasonal effect on
milk quality in dairy farms. Similarly, in a study includ-
ing 300 Dutch dairy farms, Olde Riekerink et al. (2007)
reported that the highest bulk milk SCC was observed
from August to September, and individual cows had
the highest probability to have milk SCC above 200,000
cells/mL in August. In the same study, authors also
reported the highest incidence rate of clinical mastitis
caused by Streptococcus uberis and Fscherichia coli in
summer compared with other seasons (Olde Riekerink
et al., 2007). In a survey of 9 US dairies, Hogan et al.
(1989) reported the highest incidence of clinical masti-
tis occurred during summer relative to other seasons.
In a study including 2 Florida dairy herds, Elvinger et
al. (1991b) reported that cows in the summer (July to
October) had greater incidence of inflammation events
of mammary gland (defined as an increase of log,[SCC]
of at least 1 unit above the baseline log,[SCC] of a cow)
compared with those in the fall (October to January).
Therefore, the summer condition is not only related
to impaired milk quality but also associated with high
incidence of mammary infection. This phenomenon
may attribute to a combination of indirect environ-
mental effects and direct animal factors (Kadzere et
al., 2002; Hogan and Smith, 2012). During summer,
elevated ambient temperature and humidity support
greater growth and survival of pathogens compared
with the cold and dry conditions of winter (Kadzere
et al., 2002), which increases the pathogen load. In
addition to the increased threat from pathogens, im-
mune function of a cow is impaired in response to heat
stress. Peripheral blood mononuclear cells isolated from
normothermic dairy cows have a lower mitogen-induced
proliferative capacity in vitro when incubated under
elevated ambient temperatures (Kamwanja et al., 1994;
Lacetera et al., 2006). Similarly, exposure to heat stress
during the dry period reduced early-lactation cows’
peripheral blood mononuclear cell proliferation and
tumor necrosis factor-a production when encounter-
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ing a mitogen ex vivo, suggesting a compromised cell-
mediated immune function by heat stress (do Amaral
et al., 2010). Further, the random migration of neu-
trophils from thermo-neutral cows in vitro is reduced
but neutrophil phagocytosis and oxidative burst are
not influenced under elevated incubation temperatures
(Elvinger et al., 1991a). When heat stress is applied to
lactating cows, neutrophil chemotaxis is depressed ex
vivo (Elvinger et al., 1991a) and heat-stressed lactat-
ing cows have decreased leukocyte migration into the
mammary gland in response to a chemotactic challenge
of oyster glycogen (Elvinger et al., 1992). Therefore,
the compromised immune function in vitro and in vivo
under heat stress may partly explain the increases in
milk SCC and incidence of clinical mastitis in summer
in comparison to winter.

However, in contrast to results obtained from obser-
vational studies on the farm level, control studies sug-
gested that hyperthermia induced by heat stress alone
may not have direct influence on milk SCC. In lacta-
tion, compared with thermo-neutral (Wheelock et al.,
2010) or cooled (Chan et al., 1997; Tarazén-Herrera et
al., 1999; Weng et al., 2018) cows, heat-stressed or non-
cooled cows had similar milk SCC. The effect of heat
stress during the dry period on milk SCC in the subse-
quent lactation is not consistent. Relative to prepartum
cooled cows, noncooled cows during the dry period tend
to have higher (Tao et al., 2011; Senn et al., 2017) or
have similar milk SCC (Tao et al., 2012b; Thompson
et al., 2014b) in the subsequent lactation. Further,
heat stress in the dry period has no influence on the
incidences of clinical mastitis in the following lactation
(Thompson et al., 2014a). To further understand lac-
tating cows’ response to mammary inflammation under
heat stress, an intramammary (im) LPS challenge was
performed on cooled and noncooled cows in lactation
(Monteiro et al., 2016¢). In response to im-LPS infu-
sion, milk SCC increased substantially and reached the
peak at 12 h following im-LPS challenge regardless of
treatments. No difference in milk SCC was observed
between cooled and noncooled cows during the first 48
h after im-LPS challenge, but noncooled cows showed
a faster reduction in milk SCC compared with cooled
cows thereafter (Monteiro et al., 2016¢), suggesting a
more rapid clearance of milk SCC of noncooled cows.
Interestingly, noncooled cows had greater reductions
in blood concentrations of lymphocytes, neutrophils,
Fe, and Zn relative to cooled cows during the first
12 h after im-LPS challenge (Monteiro et al., 2016c).
Mammary inflammation induced by LPS is related to
excessive production of oxidative metabolites in milk
(Silanikove et al., 2012), suggesting the occurrence of
oxidative stress in the mammary gland. Further, im-
LPS challenge increases mammary gene expression of
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lactoferrin (Vernay et al., 2012) and its milk concentra-
tion (Silanikove et al., 2012) as a countermeasure to
diminish mammary inflammation (Legrand, 2016). It
is known that trace minerals, such as Zn and Fe, are
critical components of antioxidative enzymes and lac-
toferrin, and function as modulators in immune system
(Fukai and Ushio-Fukai, 2011; Bonaventura et al., 2015;
Legrand, 2016). Thus, these data may indicate that the
mammary gland of noncooled cows requires greater im-
mune cell infiltration and micromineral availability to
cope with local inflammation relative to cooled cows.
This may be due to either an impaired functionality
of systemic immune cells with heat stress as described
previously, or a compromised local immune function
within the mammary gland under heat stress, or both.
Future studies under in vitro and in vivo conditions are
warranted to obtain additional insights of the altered
immune responses of mammary cells under heat stress.

CONCLUSIONS

Relative to metabolic studies, research to examine
heat stress effects on the mammary gland in ruminants
is limited. Available data suggest that heat stress dur-
ing different stages of a cow’s lactation cycle has nega-
tive effects on productivity. During the dry period, heat
stress results in impaired mammary growth, leading to
reduced milk yield in the subsequent lactation. Emerg-
ing evidence also suggest that offspring born to heat-
stressed cows during late gestation had compromised
future performance, potentially as a result of epigenetic
modification. During lactation, the biological mecha-
nisms of the negative effects of heat stress on milk yield
may differ in cows at different stages of lactation, but
the altered mammary gland development may partly
contribute to reduced milk synthesis. Further, the ef-
fects of heat stress on milk composition and quality are
inconclusive.
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